Introduction {#Sec1}
============

Adult degenerative scoliosis, also called adult "De Novo" scoliosis, is characterized by a spinal column deformity (Cobb angle\> 10° in coronal plain) due to osteoporosis and progressive degeneration of spinal apparatus such as facet joint arthrosis and disc degeneration \[[@CR1]--[@CR3]\]. Studies showed that surgical treatment could improve the mid-long-term quality of life in symptomatic patients \[[@CR4]\]. Among them, pedicle screw fixation plays an important role in the correction of deformity \[[@CR5]\]. However, adverse factors such as osteoporosis, spinal stenosis, severe degeneration of facet joints, pedicle rotation, and sclerosis have greatly increased the difficulty of screw placement. Besides, incidence of postoperative complications such as internal fixation failure, non-union, and proximal junction kyphosis (PJK) are still relatively high \[[@CR6]\]. Therefore, in order to reduce the unfavorable factors such as the loosening of the trajectory, deformity surgery requires extremely high surgical skills from doctors, who should strive for a successful screw placement at the first attempt.

In recent years, computer-assisted navigation and robotic techniques (e.g., Renaissance, ROSA, and TIANJI) have been introduced to spinal surgery, which has stepped to a new stage \[[@CR7]--[@CR10]\]. Studies have showed that robot-assisted spine surgery could improve the accuracy of screw placement and reduce radiation exposure \[[@CR11]\]. The potential value of robotic surgery might be greater when it comes to situation such as complex anatomical structures (e.g., cervical spine and spinal deformities) \[[@CR12]\]. For spinal deformity, several studies have proved the superior accuracy and perioperative outcomes of robot-assisted pedicle screw placement for adolescent idiopathic scoliosis \[[@CR13]--[@CR17]\]. However, few retrospective studies have focused on the application of robotic surgery to adult degenerative scoliosis \[[@CR18], [@CR19]\]. Moreover, only the radiographic accuracy of screw placement and perioperative outcomes were recorded and compared while the follow-up data such as SRS-22 and ODI scores were absent in these studies. Therefore, the purpose of this study was to compare the accuracy and short-term clinical outcomes of pedicle screw placement between robotic-assisted (RA) and freehand (FH) technique in the treatment of adult degenerative scoliosis (ADS).

Materials and methods {#Sec2}
=====================

Subjects {#Sec3}
--------

Retrospective study approval was obtained from the institutional review board of our hospital. All patients have written the informed consent. The inclusion criteria were as follows: (1) degenerative scoliosis continuously evolved on the basis of precedent scoliosis with imbalance in the sagittal or coronal planes, which required screw fixation; (2) age ranging from 45 to 80 years old; and (3) patients complied with study. Patients were excluded according to these criteria: (1) degenerative scoliosis with infection, tumor, tuberculosis, and active fracture; (2) history of spinal surgery on intended level; (3) severe preoperative comorbidities; and (4) incomplete data for reviewing the case. Based on the time of introducing the robotic device (December 2018), consecutive patients were assigned into the robot-assisted pedicle screw placement group (RA group) and freehand pedicle screw placement group (FH group) from February 2018 to October 2019. Patient demographics were recorded and compared between two groups. Gertzbein-Robbins grading system was adopted to evaluate the accuracy of pedicle screw placement by means of postoperative CT scan. Short-term clinical outcomes consist of operative time, intraoperative blood loss, length of hospital stay (LOS), radiological parameters, Scoliosis Research Society-22 (SRS-22) score before the operation and 6 months after operation, adverse events, and revisions, which are reviewed between groups. All surgeries were performed by a same team led by a senior orthopedic spine surgeon (\> 100 robot-assisted spinal surgeries/year) with 30 years of clinical experience.

RA procedure {#Sec4}
------------

In the robot-assisted group, the surgical team used the novel TIANJI Robot system (TINAVI Medical Technologies Co., Ltd., Beijing, China) to conduct open robot-assisted posterior deformity correction procedure. Neuromonitoring was used in all cases to detect potential neurological injury. Patients were placed on the radio-transparent operating table (Mizuho OSI, USA) at prone position after general anesthesia. The patient tracker was placed on the spinal process, and the calibrator was placed as close as possible to the surgical segment. 3D radiographic images were obtained by the 3D C-arm scanner (Siemens, Germany), and images were transferred to the workstation. After that, surgeons could make plans for the pedicle screw trajectories on the workstation, in sagittal, coronal, and axial views. Then, guide wires and pedicle screws were drilled by hand under the guidance of TIANJI Robot, which had a guidance tube on its arm. During the placement of pedicle screws, the TIANJI Robot system could provide real-time monitoring and adjustment (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). If necessary, the procedure was followed by decompression, posterior osteotomy, rod fixation, and interbody cage insertion for correction and fixation.

FH procedure {#Sec5}
------------

In the conventional freehand group, patients were placed on the radio-transparent operating table at prone position after general anesthesia. Also, neuromonitoring was used in all cases. Open posterior deformity correction procedure was performed through a midline incision on the back. After identifying the anatomical landmarks for screw entry points, pedicle screws were drilled by hand and verified by fluoroscopy. Intraoperative 3D C-arm scans were performed after pedicle screw placement. Decompression, fusion, and posterior osteotomy could be performed subsequently for better scoliosis correction.

Accuracy measurements {#Sec6}
---------------------

The position of screw placement was assessed according to the Gertzbein-Robbins grading system, which utilized coronal, sagittal, and axial reconstruction views of CT scan \[[@CR20]\]. The classifications were as follows: Grade A, screw is completely within the pedicle; grade B, pedicle cortical breach \< 2 mm; grade C, pedicle cortical breach \< 4 mm; grade D, pedicle cortical breach \< 6 mm; and grade E, pedicle cortical breach \> 6 mm. Clinically, acceptable screws was defined as grade A and B screws. These measurements were conducted by two separate spine surgeons outside the study in a blinded fashion. Each of spine surgeons owns a MD degree and has at least 5 years of clinical experience. Once the disagreement occurred, two surgeons would re-evaluate the CTs together and analyzed it again after a minimum interval of 1 week to reach the final consensus.

Outcome measurements {#Sec7}
--------------------

Operative time, intraoperative blood loss, length of stay, adverse events (e.g., pedicle screw loosening, and rod breakage), and revisions were recorded. Standing posteroanterior and lateral radiographs were obtained preoperatively and postoperatively, which are also evaluated by the two independent spine surgeons mentioned above in a blinded way. Radiological parameters include primary curve Cobb angle, apical vertebral translation (AVT), pelvic incidence (PI), lumbar lordosis (LL), and sagittal vertical axis (SVA). Average value was obtained from measurement of two independent observers. SRS-22 (Scoliosis Research Society-22) scores were collected during inpatient and outpatient follow-up on first day pre-operatively and 6 months post-operatively by the same surgical team. SRS-22 is a spinal deformity-specific questionnaire which has 22 items and 5 domains: pain, activity, appearance, mental, and satisfaction. Each domain score ranges from 1 to 5, with higher scores indicating better outcomes. Here, we calculated each domain (pain, function, self-image, mental health, and satisfaction) and total score for patient-reported outcome measurement.

Statistical analysis {#Sec8}
--------------------

The SPSS 25.0 software was used for the statistical analysis. The G\*Power 3.1 software was applied in power analysis. Measurement data is expressed by $\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{\mathrm{x}} $$\end{document}$±s. Independent sample *t* tests were used for measurement data outcome comparison. Paired-sample *t* tests were used to compare the changes between preoperative and postoperative outcomes measurements. Differences of enumeration data were compared using chi-square tests. Cochran-Mantel-Haenszel-chi-square tests and z-test (Bonferroni method) were used for accuracy measurements. According to the existing background information and available samples, expected effect size (d) was set at 0.8, and power (1-β) was set at 0.95. After calculation, *α* was set at 0.046.

Results {#Sec9}
=======

Demographic characteristics {#Sec10}
---------------------------

From February 2018 to October 2019, 97 adult patients with degenerative scoliosis admitted to our department were retrospectively reviewed. Thirty-one patients (12 male and 19 female) received robot-assisted pedicle screw placement (RA group), and 66 patients (25 male and 41 female) underwent freehand pedicle screw placement (FH group). The process of patient selection was shown in Fig. [1](#Fig1){ref-type="fig"}. Table [1](#Tab1){ref-type="table"} showed patient demographics of two groups. The mean patient age was 69.5 ± 4.7 years, ranging from 48 to 79. The mean BMI was 24.6 ± 2.1 kg/m^2^. According to the SRS-Schwab classification, type L was accounted for 65.98% (*n* = 64), type T for 23.71% (*n* = 23), type D for 7.22% (*n* = 7), and type N for 3.09% (*n* = 3). According to the Nash-Moe classification at the apex vertebrae of the primary curve, grade I was accounted for 65 cases, grade II for 21 cases, grade III for 8 cases, and grade IV for 3 cases. The average number of screws inserted per case was 12.0 ± 2.5. The average number of fixed segments was 6.2 ± 1.3, ranging from 3 to 11 segments. All clinical details for these 97 patients are shown in Table [1](#Tab1){ref-type="table"}. The mean follow-up time was 11.1 months (range from 6 to 24 months) (Fig. [2](#Fig2){ref-type="fig"}). Fig. 1Flow chart showing process of patient selection and exclusionTable 1Patient demographics in two groupsCharacteristicsRA groupFH group***P*** value*N* = 31*N* = 66Age (yrs)69.8 ± 3.869.3 ± 5.10.66Sex (M/F)12/1925/410.94Mean BMI (kg/m^2^)24.5 ± 1.924.5 ± 2.10.89**Type of scoliosis (SRS classification)**0.92 Type L2044 Type T716 Type D34 Type N12**Nash-Moe classification**0.49 Grade 11847 Grade 2813 Grade 344 Grade 412**Mean no. of fixed segment**6.2 ± 1.46.2 ± 1.30.93**Screw parameter** Total number of screws378786 Average number of screws/case12.2 ± 2.611.9 ± 2.40.60*RA group* robot-assisted group, *FH group* freehand group, *BMI* body mass index, SRS classification: *type L* TL/lumbar only with thoracic curve \< 30°, *type T* thoracic only with lumbar curve \< 30°, *type D* double curve with at least one T and one TL/L both \> 30°, *type N* bo coronal curve, all coronal curves \< 30°. Nash-Moe classification: *grade 1* the pedicle in the concave side starts disappearing, *grade 2* the pedicle disappears, *grade 3* the contralateral pedicle (pedicle in the convex side) is in the midline of the vertebra, *grade 4* the contralateral pedicle crosses the midline of the vertebraFig. 2The intraoperative 3D fluoroscopy of robot-assisted spine surgery.

Accuracy measurements {#Sec11}
---------------------

Accuracy measurements of the pedicle screw fixation are summarized in Table [2](#Tab2){ref-type="table"}. In the RA group, 340 (total 378) screws were grade A (89.9%); 33, 4, and 1 were grade B (8.7%), C (1.1%), and D (0.3%). While 589 (total 786) screws achieved grade A (74.9%), 136, 52, and 9 screws were scored as grade B (17.3%), C (6.6%), and D (1.1%). The rate of "perfect" screw position (grade A) in the RA group was higher than that in the FH group (89.9% vs. 74.9%). Moreover, in the RA group, 373 screws were "clinically acceptable" (grade A + B), which was also superior to that in the FH group (98.7% vs. 92.2%, *χ*^2^ = 19.780; *P*\< 0.001) (Fig. [3](#Fig3){ref-type="fig"}). Table 2Accuracy measurements of the pedicle screw fixationScrew gradeRA group (***n***, \[%\])FH group (***n***, \[%\])***χ***^**2**^ = 38.816, ***p*** \< 0.001\
***Adjust P*** value(***z*** test)A340 (89.9)589 (74.9)\< 0.05B33 (8.7)136 (17.3)\< 0.05C4 (1.1)52 (6.6)\< 0.05D1 (0.3)9 (1.1)E0 (0.0)0 (0.0)A + B\*373 (98.7)725 (92.2)*χ*^2^ = 19.780; *P*\< 0.001Gertzbein-Robbins grading system: *grade A* screw is completely within the pedicle, *grade B* pedicle cortical breach \< 2 mm, *grade C* pedicle cortical breach \< 4 mm, *grade D* pedicle cortical breach \< 6 mm, *grade E* pedicle cortical breach \> 6 mm\*Means the RA group showed superior accuracy in "clinically acceptable" screwsFig. 3.The general operation steps of robot-assisted spine surgery. (1) Registration (**a**), (2) motion planning (**b**), (3) automatic location (**c**), and (4) screw fixation (**d**)

Surgical outcomes {#Sec12}
-----------------

Intraoperative blood loss of the RA group was less than those in the FH group (499 vs. 573 ml; *P*\< 0.001). Operative time (283.1 vs. 291.9 min; *P* = 0.31) and length of stay (12.8 vs. 13.7 days; *P* = 0.36) were compared between RA and FH groups. For patient-reported outcomes, four domains (except satisfaction domain) of the SRS-22 scores at 6 months after operation from both groups were better than those before operation. As for surgery-related complication, one case had pressure sores in the RA group while two cases developed dural tears in thr FH group. No revision was required in both groups. The results of comparisons of surgical outcomes between the two groups are summarized in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}. Table 3Comparison of surgical outcomes between the two groupsRA GroupFH Group***P*** valueOperative time (min)283.1 ± 30.8291.9 ± 40.00.31Intraoperative blood loss (ml)\*498.7 ± 96.3573.0 ± 78.1**\< 0.001**Length of hospital stay (day)12.8 ± 4.513.7 ± 4.60.36Perioperative complication121.000Revision001.000**Radiological parameter** Cobb (°)  Pre-op48.7 ± 6.447.4 ± 5.80.31  Post-op10.6 ± 1.910.9 ± 1.90.39  Correction rate (%)77.9 ± 5.376.6 ± 5.10.24 SVA (mm)  Pre-op74.3 ± 56.279.8 ± 62.50.68  Post-op31.8 ± 20.736.3 ± 30.60.47 AVT (mm)  Pre-op35.6 ± 11.439.2 ± 13.40.21  Post-op20.2 ± 6.420.7 ± 8.20.78 PI (°)  Pre-op51.8 ± 3.951.2 ± 4.00.50  Post-op50.8 ± 3.451.1 ± 3.70.69 LL (°)  Pre-op22.4 ± 5.421.7 ± 6.00.62  Post-op51.8 ± 4.450.3 ± 5.00.18**Δ**29.4 ± 5.428.6 ± 8.30.62  Follow-up period (month)11.1 ± 4.111.1 ± 3.40.96*SVA* sagittal vertical axis, *AVT* apical vertebral translation, *PI* pelvic incidence, *LL* lumbar lordosis, ***Δ****=\|* post-pre \|\*Means RA group showed less intraoperative blood loss compared with FH groupTable 4Score of SRS-22 for degenerative scoliosis patient from RA group and FH groupSRS-22 domainsPre-op6 months post-op\***Pain** RA2.3 ± 0.73.8 ± 1.2 FH2.5 ± 0.83.5 ± 1.0**Function/activity** RA2.2 ± 0.73.5 ± 0.7 FH2.2 ± 0.63.2 ± 0.8**Self-image/appearance** RA2.3 ± 0.83.3 ± 0.9 FH2.2 ± 0.83.3 ± 0.8**Mental health** RA2.5 ± 0.93.6 ± 0.9 FH2.7 ± 0.93.5 ± 0.9**Satisfaction with management** RA**/**3.3 ± 0.9 FH**/**3.4 ± 0.9**Total** RA2.3 ± 0.43.5 ± 0.4 FH2.4 ± 0.43.4 ± 0.4*SRS-22* Scoliosis Research Society-22\*Post-op scores were improved compared with pre-op scores from both groups

Also, with regard to radiological parameters such as Cobb angles, SVA, AVT, PI and LL, both of groups were improved postoperatively. Three cases including pre-operative and post-operative radiographs were described in Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}. Fig. 4A 74-year-old gentleman with spine deformity for 3 years (K-L). The radiographs demonstrate a lumbar curve of 44.3° and a thoracic curve of 24.8° (**a**). The sagittal parameters were shown in (**b**). Postoperative 1 month and 6 months posteroanterior and lateral radiographs demonstrate satisfying correction of degenerative scoliosis (g--j, m, n). **c**, **d** Axial plane of pre-op CT and MRI. **e**, **f** Post-op CT and MRI revealed satisfying position of T8 pedicle screws (grade A)Fig. 5Pre-operative (**a**--**d**) and post-operative (**e**--**h**) radiographs of two cases including a 61-year-old male (**a**, **b**, and **e**, **f**) and a 48-year-old female (**c**, **d** and **g**, **h**) with degenerative scoliosis were shown in this figure. Both of them underwent robot-assisted scoliosis correction surgery. The average operative time was 240 min, and mean blood loss was 400 ml. Symptoms including unstable gait and lower limbs numbness improved after surgeries

Discussion {#Sec13}
==========

For symptomatic ADS, surgical treatment is often required to correct and restore the imbalance and symptoms through various modalities such as pedicle screw placement with PLIF and osteotomy \[[@CR21]\]. However, it is more difficult for surgeon to insert the pedicle screw because of the abnormal anatomical structures of surgical intended vertebra. In the past decades, rapid development of robotic surgery has brought the spinal surgery into a new level. With exquisite robotic assistance, spine surgeons can perform almost all kinds of spinal operation in a more accurate and precise way \[[@CR8]\]. The TIANJI Robot system, which we used in this research, is a multi-indication orthopedic surgical robot developed and approved by China in 2016. So far, there was rare literature report about the robotic application in the surgical treatment of ADS. With utilization of TIANJI Robot system, this study compared the short-term clinical outcomes and accuracy of pedicle screw placement between RA and FH technique in the treatment of degenerative scoliosis.

The final outcomes turned out that RA technique was superior to the FH technique in the aspect of screw fixation accuracy and intraoperative blood loss. Several previous studies which focused on scoliosis aligned with the conclusion of higher screw fixation accuracy of the RA group. Fan et al. \[[@CR18]\] reported that RA technique showed higher accuracy for screw implantations in degenerative scoliosis. K. Aaron et al. \[[@CR13]\] showed that the overall accuracy of robot-assisted pedicle screw insertion was as high as 97% in the treatment of adolescent idiopathic scoliosis (AIS). Also, Jeremy et al. \[[@CR14]\] reported an accuracy rate of 97.6 % in the robot-assisted pedicle screw placement in AIS. The overall accuracy rate for robotic-guided S2AI screw placement was 95.7% in elderly degenerative spinal deformities, according to Joseph et al. \[[@CR15]\]. However, only limited studies evaluated the accuracy of RA pedicle screw placement in elderly population, which was the driving force for us to conduct this study.

On the other hand, there were several studies which were skeptical of the higher accuracy of the RA technique. In a randomized controlled trial conducted by Ringel et al. \[[@CR22]\] in 2012, poorer screw placement was found in the RA group (85% vs. 93%). To date, a consensus on the higher accuracy of RA technique for the degenerative scoliosis has not been reached yet. We consider that some factors may contribute to this controversy. One is the various robotic models designed by different robotic manufacturers. The other may be the inadequate training of the surgeon due to learning curve of robotic surgery. However, more recent studies have proved the higher accuracy of RA screw placement \[[@CR23], [@CR24]\]. In a randomized controlled trial conducted by Fan et al. \[[@CR12]\] in 2019, improved accuracy and clinical outcomes were reported in cervical RA spinal surgery (98.9% vs. 91.2%). A study found that the use of RA techniques can improve the accuracy of screw placement between residents and attending surgeons (97.67% vs. 98.67%) \[[@CR25]\]. This shows that RA technique not only has a short learning curve, but also can provide homogeneous treatment for patients delivered by trained doctors. What's more, it has been reported in the literature that RA screw placement errors are most likely to occur in two stages: 10 to 20 cases and about 40 cases \[[@CR26]\]. Therefore, the researchers suggest that novices should perform the RA surgery under strict supervision and guidance in the first 25 cases of robotic surgery. We believe that, with constant improvement and modification of robotic designs, the higher accuracy of RA technique in pedicle screw fixation will be generally recognized in the future.

Speaking of the surgical outcomes, intraoperative blood loss was less in the RA group. This could be attributed to less surgical exposure and higher accuracy of the RA navigation and operation which might lead to less chance of intraoperative screw revisions. For other outcomes parameters, although the RA technique could provide higher accuracy and less blood loss, they seemed to have similar operative time between two groups. In our opinion, although RA technique might help simplify and shorten the period of screw placement, the duration of whole operation could be expanded because of the additional intraoperative planning and preparation time. Length of hospital stay in the RA group was slightly shorter than that of the FH group with a *P* value of 0.36. We considered this might attribute to the small sample size of the RA group. For both groups, the SRS-22 scores at 6 months after operation were better than those before operation. The SRS-22 score can effectively evaluate health-related quality of life in patients with degenerative scoliosis, which is even more responsive than Oswestry Disability Index (ODI) \[[@CR27], [@CR28]\]. The improvement of SRS-22 implied that both techniques could improve pain, self-image, and functional status of the patient. One case with pressure sores occurred in the RA group while two cases developed dural tears in the FH group. No revision was required in both groups. Considering the short time of follow-up, this result may change with time. In the beginning, we were curious about the possible relation between the screw accuracy and scoliosis correction. The results turned out that different accuracy between two groups did not certainly affect difference in correction parameters. Both groups showed improved radiological spinal alignment after the operation.

Till now, the robot-assisted surgery still has several limitations. In practice, we found that it was difficult to complete a 360° scan of the severe kyphosis patient intraoperatively, because the 3D C-arm scanner had a limited circumferential diameter. Secondly, for long-segment deformity surgery, multiple scans and planning were often required, which might increase the operative time and radiation exposure. At present, robot plays its role mainly in the placement of pedicle screws, while it cannot provide effective assistance for surgical procedure such as osteotomy, decompression, or three-dimensional correction of deformities. Therefore, improvement measures should be carried out to solve these problems such as function extension and sharing radiological information between the robot and picture archiving and communication systems (PACS) of the hospital.

This study had its inherent limitations. First, it was a retrospective study with small sample size of the RA group. In this preliminary clinical report, although we tried to minimize some potential confounding factors such as different learning curves, other serious confounders (i.e., confounding by indication, non-randomization, and different surgical strategies) could not be taken into consideration. Thus, further study with randomized control and larger number of patients is warranted. What's more, the follow-up time is short which requires further follow-up. Second, radiation exposure to the medical staff and patient was absent, which is also an important aspect to compare. Third, given the financial burden from the robotic surgery and long learning curve, to popularize and promote the robotic technique remains a challenge.

Conclusion {#Sec14}
==========

Combined with other surgical correction modalities, robot-assisted pedicle screw fixation is an effective and safe method of treating degenerative scoliosis. Due to its satisfactory surgical outcomes such as higher accuracy and less trauma, it provides a good alternative for clinical practice.
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